The problem of the short-range correlations in nuclei is studied in the framework of the unitary-model-operator approach. A unitary-transformed Hamiltonian is introduced and given in a cluster expansion form. A general theory of treating the effects of the three-body cluster teim is proposed. It is emphasized that the one-body average field representing the dispersive effect of medium plays an important role in the evaluation of the contributions of the three-body cluster term to the one-and two-body effective interactions acting among valence particles. It is shown that the core-polarization term with rather high 3P-1h intermediate states is derived naturally from the analysis of the three-body cluster term and it appears as the leading correction term to the one-and two-body effective interactions. The relation is discussed between the present approach and the usual linked-diagram theory based on the G matrix. § 1. Introduction
The unitary-model-operator approach has been studied in a previous paper,!) referred to as I, for the description of short-range two-body correlations in nuclei. We shall review briefly the outline of this approach_ Introducing a unitary operator e S , we define a transformation of the internal Hamiltonian Hin of a system of A nucleons,
The internal Hamiltonian considered in the present approach is defined as 
where Vij is the original nucleon-nucleon interaction and tij the kinetic energy of relative motion of two nucleons. The one-body operator hi is introduced to represent the dispersive effect of the medium. 2 ) Note that the term ~ hi is completely cancelled by the last term on the r.h. 
where (1·10 )
In the above equations, it is assumed that the basis states la>, 1m, etc., are the eigenstates of hi, and the two-and three-particle states, for example, laS> and laS!'>, denote the antisymmetrized and normalized states.
An essential problem in this approach has been how to determine the correlation operator 512. In I, an equation for 512 has been set up to be the decoupling equation QVI2 P=0 (or PVI2 Q=0) which becomes (1·11)
where P and Q are the projection operators which act in the space of two-particle states and project a state onto the low-momentum space (P space) and the highmomentum space (Q space), respectively. In th~ derivation of Eq. (1·11), we have assumed that P and Q are defined with the two-particle eigenstates of hI + h2, that is, P and Q satisfy Equation (1·11) for 512 has been solved as 1 ), 3) 5 12 = arctanh(co-cot) 
where x is an arbitrary two-body operator, and F(m, n) is a coefficient defined through the following expansion :3)
A definite expression of F( m, n) has been given in Refs. 1) and 3).
With Zp(x, w) and ZQ(x, w), the transformed operator V12 in Eq. (1· 8) can be written asl), 3) where
VIZ=ZP(VIZ, w)+ZQ(VIZ, w).
(1·19) (1·20) we see that PV1ZP and P t 1ZP are respectively the effective interaction and the effective kinetic energy of relative motion acting in the low-momentum space. It must be noted that VIZ and tlZ satisfy the decoupling conditions Q v 1ZP = 0 and Q tlZP=O. As far as we concern the one-and two-body cluster terms, the problem of the decoupling between the P and Q spaces is completely solved as in Eq. (1· 22) in the framework of the unitary-model-operator approach. It must also be noted that VIZ and t12 are E-independent and Hermitian. These properties of the transformed operators will introduce some new features in the effective interaction theory.
A remaining task in this approach is to study how the three-or-more-body cluster terms behave in the transformed Hamiltonian. The next important term will be undoubtedly the three-body cluster term .lJIY). The main concern of the present work is to discuss the effects of the three-body cluster term. In § 2, an explicit expression of the three-body cluster term is given. In § 3, the normalproduct representation of the transformed Hamiltonian is given and its usefulness is demonstrated when we compare the present theory with the usual linkeddiagram theory. In § 4, a self-consistent equation is derived for determining the one-body field introduced to represent the dispersive effect of the medium. It is shown that if one introduces the one-body field according to the self-consistent equation, the effect of the three-body cluster term can be reduced to a large extent. It is also shown that the core-polarization term with rather high 3P-1h intermediate states can be derived from the three-body cluster term and it appears as the leading correction term after the treatment of the two-body short-range correlations. In § 5, some conclusions obtained in the present study are given. § 2. The structure of the three-body cluster term
We shall discuss the structure of the three-body cluster term !J [(3) in Eq. (1· 7).
The expression of the three-body operator V123 in Eq. (1· 9) contains the original interaction Vii via Vii in Eq. (1·3). Equation (1·9) for V123 is not always useful, because Vii may have a repulsive hard core. We shall try to represent V123 in terms of the transformed two-body operator VIZ which has been proved to be well-behaved. 1) U sing a factorization formula (the Campbell-Hausdorff formula), we have for exp(S123) where 5123 has been defined in Eq. (1-10). We then obtain an expression for V123 in Eq. (1 -9) as with and
where L: (1 23) means the summation of exchange terms defined generally for an
As has been already discussed in I, the expectation value of (j) r (j) is of order of the wound integral so that (j) may be assumed to be a small operator. From Eq. (1-13) we have an approximation that 512~(j)-(j)r, from which we may say that higher-order terms in 5ij are of higher order in (j). By taking the leading terms in V1(~) and V1(:1' 1, we may write V123 as with
We have for the three-body matrix element in !J (3) Let us refer to some properties of the P-and Q-space projections on the operator Y12. Note that we have imposed the restrictive conditions P5 12P=0 and Q512Q=0 for solving the decoupling equation for 512. 1
The condition P5 12P=0 implies that the correlation operator 512 should not induce any transition between two states in the P space, because almost all of such transitions must be forbidden owing to the Pauli principle. By using Eq. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
The operator YI2 consists of two terms as in Eq. (2-8), but they act quite differently when operated on the P-and Q-space states. § 3_ Normal-product expansion of the transformed Hamiltonian It is often useful to write the transformed Hamiltonian j{ in the normalproduct form as
where eo is the constant term and
where the symbol: : means the normal-product term with respect to the particle and hole operators. For example, : Ca t Cp : is defined as (3'5) where a t and a (b t and b) are the particle (hole) creation and annihilation operators, respectively, and 8a((9p ) is a phase factor defined with the usual notations for angular momentum and isospin as 8a = ( -)j"-m"( -)1/2-r". The notation {j is used to denote the set (ja, -ma, -r a) . The Since the core energy eo and the one-body energies are subtracted, Jl aPaP means the energy of two valence particles in the state laP>. Therefore, the normalproduct representation of j( will be convenient when we compare it with that in the linked-diagram theory. However, the matrix elements Jl aP, Jl aPr8 and Jl aPrAl'li should not be considered to be the effective interaction among valence particies in the usual sense, because we have treated only the short-range twobody correlations. For the derivation of the effective interaction, we must further take into account the effects of many-body correlations which may occur in the low-momentum space. For this problem, the matrix elements .1( aP, .1( aPr8 and .1( aPr) .p.lI should be understood as the unperturbed energies of valence particles or holes. § 4_ The effect of the three-body cluster term
The effect of the three-body cluster term on the ground-state energy
The ground-state energy eo includes the effect coming from the three-body cluster term 3{(3) as shown in Eq. (3-6). We shall discuss the effect of 3{(3) more in detail. For this discussion, the choice of the P space is essentially important. We assume that all the two-particle states in which at least one particle occupies one of the orbits within the Fermi sea are contained in the P space. This is the usual choice of the P space in the G-matrix calculation. 5 ), 6) The graphical representation of the P and Q spaces is given in Fig. 1 .
Using Eqs. (2-10) and (3-12), we can write the third term in Eq. (3-6), the contribution of 3{ (3) to eo, as
Note that the state IX>, Ifl'> and I v'> must be occupied in I <Po> and hence the twoparticle states I~v'>, IX v'> and IX fl'> must be the P-space states, which may be clear from the definition of the P space in Fig. 1 . The terms 5.11').'11' and 5 11,<).,1" in Eq. (4-1) are the matrix elements of 512 between two P-space states. These matrix elements must be zero, because the solution 5 12 in Eq. (1-13) satisfies P512P=0. This result shows that as long as we approximate 17123 as in Eq. (2-7), the three-body cluster term 3{(3) has no contribution to eo, that is, < <Pol3{(3)1 <Po> =0.
By using relation (1-19) for 1712, we can write eo as Q = 1 P=1 Fig. 1 . Definitions of the projection operators P and Q. The boundaries N" NIl and N m are defined such that if a, (3-; ['N" la> and 113> must be the states occupied in l<Po>, and if N,< a, (3-; [, NIl, la> and 113> must be valence-particle states.
The number N m means the highest orbit specifying the truncation made in the actual calculation.
where Ao is the number of nucleons contained in the closed-shell core, and
When we consider a closed-shell nucleus with A = A o, the one-body terms, the first term on the r.h.s. of Eq. (4·2), becomes zero, and eo agrees with the expectation value <¢01$C(l)+$C(2)1¢0>. When A::l;:A o , the term eo should be understood to represent the energy of a subsystem of Ao nucleons in the A-nucleon system. It should be noted that since we have used the internal Hamiltonian H in with massnumber dependence, the term eo for the case that A::l;: Ao does not mean the real ground-state energy of the closed-shell nucleus.
The self-consistency condition for the one-body operator
The one-body operator hi has been introduced to represent the dispersive effect of the medium, but any definite equation for determining hi has not yet been given. We shall discuss this problem in detail.
For the determination of hi we require a condition for the particle energy
In the same way, we require for the hole energy that
We here make an assumption that the dominant part of the dispersive effect of the medium comes from the one-and two-body cluster terms in 
We readily see from Eq. (4 ·12) that .1l~~) and .1l~~~8 become zero. This fact means that if the one-body term hi satisfies the self-consistent equations (4·6) and (4·7), the three-body interaction ~(123)[VI2, S23+S31] has no contribution to the one-and two-body matrix elements !flap and !fl aPr8. It must be pointed out that if condition (4 ·12) is not satisfied, the decoupling condition between the P and Q spaces is violated in the two-body matrix element !fl aPr8, which is unfavourable in the present formulation. This is the reason why we determine hi according to the conditions in Eqs. (4·4) and (4· 5).
New definition of the core-polarization effect
The matrix elements !flap in Eq. where ~(ap)(r8) is defined through
The second terms on the r.h.s. of Eqs. (4 ·16) and (4· 17) may be understood as real three-body-cluster effects which cannot be reduced to the effects of the selfconsistent one-body field.
Let us now prove a fact that the three-body-cluster contribution to !fl aPr8 is related with the core-polarization term defined in the usual linked-diagram perturbation theory based on the G matrix. For simplicity, we assume the twoparticle states la/3> and Iyo> are the two-valence-particle states. Taking notice of the property PS 12P = 0, we see that the non-zero contribution to !fl aPr8 comes from the projections Q[hl+h2, SI2]P and P[hl+h2, SdQ. If where (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) and G JlV is the G matrix defined through
Notice that we have been applying the G-matrix theory to a two-body system described by the Hamiltonian hI + h2+ V12• The transformation e'" tansforms a P-space state l,u))> to a correlated state e"'I,u))> = l,u))> + wl,u))>, and consistently a conjugate Q-space state <~sl is transformed to <~Sle-"'=<~sl-<~slw. The term <~slw means the P-space component of the correlated Q-space state. In the usual G-matrix theory, this consistent change of the Q-space state is not considered. If we neglect <~slw term, Eq. (4-19) becomes where l,u))> and I~S> are the P-and Q-space states, respectively. We further assume, for simplicity, the single-particle energies of la>, 1m, II'> and 10' > are all degenerate. We then have for the second term in Eq. (4-17) which we denote by
The above expression is nothing more than the core-polarization contribution to the two-body effective interaction for the case that ea, ep, er and elJ are degenerate. When these single-particle energies are nat degenerate, the term J[~P7~) can also be written in terms of the G matrix, and its main contribution can be shown to agree with the core-polarization term defined in the usual linked-diagram theory.
From the above-mentioned fact we may say that the second term J[~P7P) in Eq. (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) gives us a new definition of the core-polarization contribution. An important characteristic of the present approach is that the core-polarization term is written in terms of the correlation operator which is of order of the wound integral. order corrections to S{ aP and S{ aP78, but they are surely of higher-order in 5 (or OJ). As long as the wound integral is small, the higher-order terms can be assumed to be small. It is concluded that if hi is a solution to the self-consistent equation given in Eqs. (4·4) ~ (4· 7), the core-polarization effect appears as the leading term in the corrections induced from the three-body cluster term !J (3) . The graphical representation of , §{ aP, , §{ aPr8 and, §{ aPrAp-v may be helpful to the understanding of their physical meaning. The graphical representation of them are given in Fig. 2 . The usual diagram rules are also applied except that each diagram has no energy denominator. The vertices with dotted, wavy, double wavy ~and straight lines represent the one-body term hi, the two-body interaction V12, VI2 and the correlation operator SI2 (or Sl2), respectively, as assigned in the diagrams. A factor 1/2 in , §{ a/1 and , §{ aPr8 comes from symmetrization of the contributions which is necessary for constructing the Hermitian effective interaction.
It must be noted that the low-momentum space considered in the present study is still too wide to define the effective interaction acting in a rather small model space, for example, (Sd)2 space for 18 0 or 18F nucleus. In order to obtain the effective interaction in the usual sense, we must further treat the various correlations which may occur in the low-momentum space. The main concern of the present study has been the derivation of the core-polarization correction with rather high intermediate states. In the G-matrix approach, this type of correction has been well known as the Vary-Sauer-Wong effect.7) For the problem of calculating the effective interaction in a rather small model space, the transformed Hamiltonian in Eqs. (4·26) ~ (4·28) will be used as a starting Hamiltonian. § 
Conclusions
In the present paper, part II, the effects of the three-body cluster term, which is referred to as TECT in this section, have been studied in the framework of the unitary-model-operator approach. A general and explicit expression of TECT has been given. It has been shown that TECT can ~e written in an expansion form in powers of the wound integral that is the overlap integral of the highmomentum component in the correlated state. This non-perturbative treatment of TECT will introduce a new feature in the problem of convergence in the derivation of the nuclear effective interaction.
The problem has been discussed how the self-consistent one-body field affects the effects of TECT. It has been proved that if we introduce a one-body field which satisfies a self-consistent equation, some terms induced from TECT are cancelled out and the effects of TECT are reduced to a great extent. It has also been proved that the core-polarization correction to the one-and two-body effective interactions can be derived naturally from TBCT and it appears as the leading term in the various corrections induced from TBCT. A new and nonperturbative definition of the core-polarization correction has been given and its formal correspondence to the usual definition in the linked-diagram theory has been proved.
The characteristics of the present approach may be summarized as follows: (a) Since the theory is based on the unitary transformation of the original Hamiltonian, the transformed interaction is E-independent and Hermitian. (b) The one-and two-body cluster terms in the transformed Hamiltonian satisfy the decoupling condition between low-and high-momentum two-particle states. The terms which violate the decoupling condition come from TBCT, but as long as the average one-body field is chosen properly, they are cancelled or become small. (c) The transformed Hamiltonian is written in a non-perturbative way as an expansion in powers of the wound integral. Therefore, we may expect a fast convergence in the calculation of the transformed interaction and the correction terms induced from TBCT. (d) The double counting problem does not arise in any calculation with the transformed Hamiltonian, because the transformed Hamiltonian is given through the unitary transformation and hence the whole effects of the use of the transformed Hamiltonian can be interpreted as the change of the basis states used in the calculation. (e) The core-polarization correction can be derived from the analysis of the effects of TBCT, and it appears as the leading correction term to one-and twobody effective interactions. This fact shows clearly that the core-polarization correction cannot be reduced to the one-and two-body problems, and it becomes the predominant correction term after the treatment of the short-range correlations.
Finally, it will be quite interesting to check, numerically, how the present approach is different from the G-matrix theory. A numerical calculation based on the present formulation is now being performed, and the result will be reported in the near future.
